Entanglement between stationary quantum memories and photonic qubits is crucial for future quantum communication networks. Although high-fidelity spin-photon entanglement was demonstrated in well-isolated atomic and ionic systems, in the solid-state, where massively parallel, scalable networks are most realistically conceivable, entanglement fidelities are typically limited due to intrinsic environmental interactions. Distilling high-fidelity entangled pairs from lower-fidelity precursors can act as a remedy, but the required overhead scales unfavourably with the initial entanglement fidelity. With spin-photon entanglement as a crucial building block for entangling quantum network nodes, obtaining high-fidelity entangled pairs becomes imperative for practical realization of such networks. Here we report the first results of complete state tomography of a solid-state spin-photon-polarizationentangled qubit pair, using a single electron-charged indium arsenide quantum dot. We demonstrate record-high fidelity in the solid-state of well over 90%, and the first (99.9%-confidence) achievement of a fidelity that will unambiguously allow for entanglement distribution in solid-state quantum repeater networks.
Results

Spin-photon entanglement via optimized quantum erasure.
We use a single InAs quantum dot electron spin as the stationary qubit 24, 25 (see Fig. 1a) . A magnetic field in the Voigt geometry (inplane, perpendicular to the growth direction, B ¼ 3T) provides a natural quantization axis, and allows for optical initialization 26 and ultrafast, high-fidelity optical control 25 . In addition, interference between the spontaneous emission decay pathways in the resulting L-systems results in entanglement between the spin and the photon [19] [20] [21] , see Fig.1b . The large magnetic field results in a Zeeman energy splitting, do, of 2p Â 17.6 GHz. Conversely, the equivalent frequency difference between the H-and V-polarized branches of the spontaneous emission decay, do, can result in frequency-which-path information leaking out to the environment 21, 19 . By mixing a short gating pulse with the single photon in a nonlinear crystal (a periodically poled lithium niobate (PPLN) waveguide 21, 27 , see Fig. 1c ), we can postselect for the photon's exact arrival time, with sub-8 ps timing resolution and with negligible background noise. The bandwidth of this detection scheme, about 100 GHz, greatly exceeds the frequency-which-path information of 17.6 GHz; this scheme is therefore inherently incapable of distinguishing the frequency difference, resulting in quantum erasure. As the timing resolution is not infinite, the environment can nevertheless still obtain some partial information, yielding a theoretical fidelity bound of about 95%. The quantum dot manipulation scheme and the system diagram are indicated in Fig. 1d ,e. We first initialize the system by a 13-ns optical pumping pulse 25, 26 . Then, a 100-ps optical p-pulse excites the quantum dot into the "#* j i-state, after which spontaneous emission results in spin-polarization entanglement.
Complete tomography of the spin-photon entangled qubit pair. We perform joint, time-resolved measurements on the polarization state of the photon (polarization analysing stage in Fig. 1e ), and the spin state. The latter can be measured by a combination of a few-picoseconds, high-fidelity, all-optical spin rotation pulse 25, 28 and another optical pumping pulse to read out the spin in its computational ( # j i, " j i) basis. Together, this allows us to perform complete state tomography of the entangled spinphoton-polarization qubit pair 29, 30 , and enables us to compare the experimentally obtained entangled state with the theoretical, ideal spin-polarization entangled state (assuming no errors and perfect frequency quantum erasure-see Supplementary Note 1):
In quantum state tomography, one aims to reconstruct the density matrix, r reconstructed of the experimentally obtained quantum state by means of a set of linearly independent measurements 29, 30 . This density matrix approaches the theoretical one, r ideal ¼ C ideal j i C ideal h j, with the difference vanishing in the limit of arbitrarily small errors in both the generation process and the measurement performed to reconstruct the density matrix.
For a two-qubit system, and assuming proper normalization, a minimum of 15 linearly independent measurements is required to reconstruct the density matrix: r reconstructed ¼ 1=4Â P i;j r i;j s i s j , where s i ,s j refer to the Pauli operators of the respective qubits (s 0 ¼ I, the identity operator). As the Pauli operators are the generators of quantum mechanical qubit rotations, the coefficients r i,j ¼ Tr[r reconstructed s i s j ] are related to the joint measurement of both qubits after applying single qubit rotations on both of them 29 .
In particular, the joint measurement is calculated through comparing the coincidence counts between our spin and photon measurement devices, and comparing them to the coincidences obtained in different, uncorrelated events. For our photonic polarization qubit, we measure both in the {H,V} computational basis, and in two rotated bases, by means of our polarization analysing stage:
For the spin qubit, we change the measurement basis by applying a rotation pulse (p or p/2) with the appropriate delay to change the rotation axis 25 ; the bases we measure in are: #; " f g,
g. Each coincidence measurement results in a conditional probability, using which the r i,j can be computed. From the 36 potential joint measurement settings resulting from these states, we choose a subset of 16 (15 þ 1), that are linearly independent, which results in a straightforward, direct reconstruction of an initially unnormalized density matrix using the above definition and arithmetic manipulation-see Supplementary Note 2. Normalization of the density matrix then follows from a simple division by the trace, as suggested by James et al. 30 .
The result of this direct reconstruction is indicated in Fig. 2 , where we compare the thus obtained density matrix with the ideal one. The overlap with the ideal state, C ideal j r reconstructed j C ideal h i yields a fidelity of 92.7%. However, due to measurement errors, this density matrix is non-physical (non-positive); in particular, one of the eigenvalues is negative: À 0.19.
MLE reconstruction of the spin-photon density matrix. This drawback of direct reconstruction is commonly avoided by using a different reconstruction procedure. It is possible to enforce a physical, positive-semi-definite density matrix as an output, and to use a maximum likelihood estimation (MLE) procedure to find a density matrix that is most compatible with the experimental data 30 . Using numerical optimization, density matrices r MLE ¼ T w T=TrðT w TÞ that form a best fit with the measurement results are sought. Such density matrices are properly normalized (have trace ¼ 1), are strictly non-negative and Hermitian, and can therefore be regarded as physical 30 (see Supplementary Note 3). Figure 3 shows the density matrix obtained from the MLE procedure. The fidelity is calculated using the same definition as for the direct reconstruction:
The non-zero measurement uncertainties (Poissonian counting statistics 21 ) imply that the fidelity of the reconstructed state will also have an uncertainty associated with it. To quantify this uncertainty, we calculated the MLE-reconstruction for a range of possible input measurements, randomly sampled from the distribution of the possible measurement results, using a Monte Carlo method-see Supplementary Note 3. The resulting histogram (probability distribution) of the calculated fidelity is indicated in Fig. 3c , where 100,000 simulated noisy measurement results are used to calculate the MLE-obtained fidelity. We obtain a mean fidelity of 92.1% (median: 92.7%), with a standard 
Discussion
The entanglement fidelity becomes critically important if one intends to connect such multiple matter-light quantum interfaces to make a quantum repeater 7, 8 . For each link in a repeater network, the photons from two spin-photon pairs interfere to produce a spin-spin Bell-state 16 , where the spin qubits are stored in separate repeater nodes at either end of the channel (see Fig. 4a ). The repeater node would have two or more photon-based interfaces to communication links and local quantum gates between spins and spin-state read-out in each repeater node transfer information through the network. To overcome errors, these local operations could also distil a high-fidelity Bell-state (say FZ0.995) from multiple lower-fidelity pairs of entangled qubits 13 .
When two spin-photon pairs with fidelity F sp interfere, the resulting spin-spin entanglement fidelity F ss is lower-bounded by F ss Z(F sp ) 2 , assuming perfect interference between the photons. Im( reconstructed ) 
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Furthermore, it is known that entanglement distillation of EPR-Bell-states (Einstein-Podolsky-Rosen) has a 'threshold' lower bound of F ss 40.5 to increase fidelity at the output 13 . From this simple ansatz, we can draw two conclusions. First, and again assuming perfect photonic interference, using two spinphoton entangled pairs with measured fidelity F sp 41/ ffiffi ffi 2 p E0.71
will always result in a spin-spin entangled pair with fidelity F ss 40.5, which is above the threshold for purification. Conversely, for spin-photon fidelities below 0.71, it is not generally true that such a purifiable spin-spin entangled pair can be created. Although some lower-fidelity spin-photon states result in spin-spin entangled states that can be purified, more information about the particular state (via the knowledge of the full density matrix) would be required-see Supplementary Discussion. In this sense, 0.71 can be seen as an unconditional threshold for the spin-photon entanglement fidelity-a sufficient condition for scalability. To the best of our knowledge, this experiment is the first one in any solid-state system to unambiguously demonstrate (at the 99.9% confidence level) a spin-photon fidelity above this threshold. Second, and more importantly, the efficiency of entanglement distillation, which directly has an effect on the communication rate, increases as F sp -1. This effect can be seen clearly by the simulation results in Fig. 4b . Here we calculate the average net communication rate of high-fidelity (FZ0.995) spin-spin entangled pairs by distillation from noisy spin-photon Bell states 8 . If one compares the performance of the two systems starting from F sp ¼ 0.9 versus F sp ¼ 0.8, the former has a higher communication rate by a factor of 10, illustrating the dramatic effect of improved spin-photon entanglement fidelity. For our experiment, the Monte Carlo uncertainty analysis used revealed that our spin-photon state has a fidelity above the threshold of 1/ ffiffi ffi 2 p with 99.9% certainty, and that our entangled state has a fidelity greater than 0.9 with 81.4% certainty (Supplementary  Table S1 ).
In conclusion, we demonstrated a full tomographic analysis of high-fidelity spin-photon entanglement in a solid-state system using InAs quantum dots. The resulting fidelity would allow for efficient distillation of purified entangled states, and represents a milestone in the quest to build quantum networks.
Methods
InAs quantum dot device. We used a Si-d-doped quantum dot (QD) sample, similar to previous devices 21 . The dot density was reduced, and the emission blueshifted (910 nm). We obtained excellent collection efficiency by means of an asymmetric, low-Q cavity (10 nm full width at half maximum, centred at 910 nm) that reduces photon loss from the spontaneous emission into the substrate. An external magnetic field perpendicular to the growth direction (Voigt geometry) splits the electron spin states as well as the excited, trion states. Figure 1a indicates the resulting L-systems, and the polarization selection rules were verified by means of polarization-selective photoluminescence (half-waveplate and polarizing beamsplitter) 25, 28 . We screened the device and selected those quantum dots with the cleanest selection rules, to suppress residual errors. When a spin-photon pair is generated, the spin is stored in the repeater node, whereas the photon is sent into the communication channel. Two such photons from different repeater nodes interfere to (probabilistically) produce spin-spin entanglement between two repeaters. (b) Plot of the simulated net communication rate of entangled spin-spin pairs after consumption (in purification) of 'raw' spin-photon states and EPR-Bell-pairs (Einstein-Podolsky-Rosen) suitable for use in the network. Entanglement distillation consumes many raw pairs generated at F ss ¼ F pump and rotation lasers onto the sample, which was scanned relative to the lens by means of slip-stick piezo-electric positioners (Attocube Systems). We used similar coherent manipulation techniques as those reported previously 25 . A narrowband continous-wave-laser (New Focus Velocity) was used for spin initialization and read-out, resonant to the # j i-"#* j i-transition (910.10 nm for a 3-T magnetic field); fibre-based electro-optic modulators (EOM, EOspace) were used to switch the laser light on and off. We used a Ramsey-interferometry setup for coherent spin rotations, using pulses from a modelocked laser (3 ps pulse duration, centre wavelength 911 nm, Spectra-Physics Tsunami), which were delayed relative to each other through a retroreflector on a motorized stage. Pulsepicking was realized using free-space EOMs (Conoptics), which were doublepassed to increase the extinction ratio. The selective excitation of the "#* j i-state prior to spontaneous emission was realized through a combination of optical pumping into the " j i-state, rotation by an optical p-pulse into the # j i-state, followed by the application of a 100-ps pulse (optical p-pulse) from another, synchronized, modelocked laser (Spectra-Physics Tsunami with Lok-to-Clock system), resonant with the # j i-"#* j i-transition. Pulse-picking of the 100-ps excitation pulses required another fibre-optic modulator. For the single-photon photoluminescence, we built a confocal setup, split into two branches by a nonpolarizing beamsplitter. One branch was cross-polarized with respect to the initialization and optical pumping lasers, and sent through a doublemonochromator onto a single-photon counter for spin-state analysis (PerkinElmer single-photon counting module; 20% quantum efficiency, 170 Hz ungated dark count rate). The other branch was sent to a polarization analysing stage (quarter-and half-waveplate and polarizer), after which it was coupled into single-mode fibres and sent to the downconversion setup. We carefully calibrated the polarization analysing stage, to account and compensate for residual birefringence in the setup. All EOMs were controlled by mutually synchronized pulse-pattern generators (76 MHz Tektronix and 10 GHz Anritsu PPG), themselves synchronized to the repetition rate of the modelocked lasers. Spatial, polarization, wavelength and time-filtering sufficed for separating reflected light from the single photons.
Quantum erasure via frequency conversion. For the 2.2-mm light pulses needed for conversion, we used a difference-frequency generation process that mixed the 3-ps, 911-nm pulses from the modelocked laser with narrowband, continous-wave 1560-nm light in an MgO-doped, PPLN chip. The 1560-nm light was modulated by a fibre-optic modulator, and amplified by erbium-doped fibre amplifiers. The residual 1560-nm and 911-nm light was filtered out through a combination of dichroic and absorptive filters. The resulting pulse width depended on the exact power and wavelength used for the difference-frequency generation process, but was measured to be between 3 and 8 ps.
Conditional on exact temporal overlap, a PPLN waveguide efficiently converted 910-nm, spontaneously emitted photons to 1560-nm photons. To eliminate residual noise from the 910 nm and 2.2 mm branches, we installed a fibre-Bragg grating and a long-pass filter. The 1560-nm photons were subsequently detected on a superconducting nanowire single-photon detector, maintained at 2 K, with 14% system detection efficiency, 40-Hz ungated dark count rate and 100-ps full width at half maximum timing jitter. Timing analysis was performed on a timing analyser (Hydraharp, PicoQuant GmbH), used in time-tagged time-resolved mode, which allows for accurate gating of the signals of both the single-photon counting module and the superconducting nanowire single-photon detector in post-processing, thereby drastically reducing the effects of dark counts. The timing of the 2.2-mm light was chosen such that the subsequent p/2-pulse arrives after 70-100 ps, which is well within the T Ã 2 -dephasing time of the quantum dot (1.5 ns), though spin-echo techniques could be used to overcome this limitation.
Correlation analysis. The correlation data that were used in the tomographic reconstruction algorithms, were the result of a histogram analysis, performed on the coincidence count rate between the downconverted single photons, and the single photons used for spin detection. The coincidence count rate was obtained through post-processing of the time-tagged time-resolved datastream, and comparing the coincidences within the same experimental run to those in subsequent, uncorrelated ones. The repetition rate is set at 39 or 52 ns, and the 0.1% single-photon efficiency and time-gated frequency downconversion resulted in a 1560-nm single-photon detection and entanglement generation rate of approximately 2-5 Hz. In combination with another 0.1% single-photon detection efficiency to detect the spin state (this efficiency is the result of all losses between the QD and the detector, including efficiency of collecting a photon from the QD into the optical path; losses from subsequent spatial, polarization and frequency filtering, finite detector quantum efficiency), this resulted in an average coincidence rate of approximately 2-5 mHz. We emphasize that these losses are predominantly due to the inefficiency of extracting a single photon from the quantum dot, which could be significantly improved by accurate cavity design. The conversion process in itself, although lossy due to the aggressive time-filtering to obtain good timing resolution, was rather effective, with internal quantum efficiencies estimated above 80%, and filtering losses of several dB maximum.
